mechanisms involved in transport are largely unknown.
Exploitation of M Cell Transcytosis by Bacterial Pathogens For example, Vibrio cholerae in the small intestine adSeveral pathogenic bacteria exploit the M cell transport heres to peripheral components of the glycocalyx on mechanism to infect mucosal tissues and/or to spread microvillus tips of enterocytes but does not invade these systemically before they can be halted by an immune cells; rather, the bacteria form colonies and secrete response. However, M cells represent only a tiny minorcholera toxin, which induces secretion of chloride ions ity in the intestinal epithelium. How do bacteria recogby epithelial cells, causing a potentially lethal diarrhea.
nize and adhere to these rare cells? Target cell selectivThe interaction of V. cholerae with M cells is dramatically ity by bacteria is generally based on the presence of different: the bacterial outer membrane and the M cell specific host cell surface oligosaccharide epitopes that apical membrane adhere closely via an unidentified reare exploited as receptors by lectin-like bacterial adhesceptor-ligand interaction, inducing recruitment of M cell ins (Hultgren et al., 1993) . Several groups have shown actin filaments (Neutra et al., 1994a) , phagocytosis, rethat M cell glycosylation patterns are distinct from those lease into the intraepithelial pocket and subepithelial of enterocytes, although the membrane glycoconjuspaces, and phagocytosis of Vibrios by macrophages gates of M cells vary in different intestinal regions, in (Figure 2A ). Digestion and antigen presentation in Peydifferent species, and even among different mouse er's patches result in secretion of IgA antibodies that strains (Neutra et al., 1994a) . Furthermore, there are varican be sufficient to clear the infection and prevent subations in the glycosylation patterns of individual M cells sequent V. cholerae colonization and diarrheal disease.
within a single follicle-associated epithelium. This diverCertain pathogenic strains of Escherichia coli also sity may determine the tropisms of pathogens that excolonize the mucosa and interact with M cells. For examploit M cells for invasion and might allow the M cells to ple, the rabbit pathogenic E. coli RDEC-1 and the human "sample" a wide variety of microorganisms. enteropathogenic E. coli EPEC initially associate with Bacterial pathogens that adhere to M cell surfaces peripheral components of the M cell surface and then can initiate epithelial signal transduction events that proinduce the formation of stable "pedestals" supported mote internalization. For example, Salmonella typhi and by submembrane actin assemblies (Figure 2A ). Studies typhimurium adhere rapidly and selectively to M cells of the interaction of EPEC with cultured epithelial cell (Jones et al., 1994) , apparently via novel lectin-like fimtypes have shown that initial attachment induces tyrobriae (Baumler et al., 1996) . The corresponding M cell sine phosphorylation of local host cell membrane prosurface receptors have not been identified, although our teins at the attachment site, and these in turn interact recent studies on Caco-2 cells in vitro have identified a with the bacterial protein intimin (homologous to Yercandidate gal-galNAc epitope that is recognized by S. sinia invasins), which mediates intimate attachment and typhimurium. Adherence of S. typhimurium to M cells is required for reorganization of the local actin cytoskeleinduces rapid disassembly of the apical cytoskeleton ton (Rosenshine et al., 1996) . EPEC has developed this and loss of microvilli, ruffling and "ballooning" of the elaborate strategy to maintain surface colonization of M cell apical surface, and engulfment of bacteria by enterocytes, but the same molecular machinery seems "macropinocytosis" ( Figure 2B ). Studies utilizing intestinal cell lines in vitro have shown that attachment and to operate on M cells. entry of Salmonella is accompanied by activation of intracellular signaling pathways and local cytoplasmic Ca 2ϩ spikes (Bliska et al., 1993) , and presumably, similar molecular events occur in M cells.
Shigella infection results in severe damage of the intestinal and colonic mucosa and loss of epithelial barrier function. Shigella uses a remarkable mechanism to spread from cell to cell: the bacterium adheres to the plasma membrane and undergoes phagocytosis and then disrupts the phagosome membrane to enter the cytoplasm, where it proliferates and induces assembly of a "tail" of actin filaments that propels the bacteria into a cytoplasmic process that is phagocytosed by the neighboring cell, thus repeating the cycle of infection (Sansonetti, 1991) . Although Shigella initially gains entry through the intestinal epithelium in vivo, it is unable to invade via the apical surfaces of cultured enterocyte monolayers and can infect only via basolateral membranes. This paradox was resolved by the observation kine-mediated disruption of the epithelial barrier (Perdomo et al., 1994; Figure 2C ).
Viral Transmission via M Cells
not express the gp120 receptor CD4, but their memViruses exploit the fact that M cells will endocytose branes do contain the alternate glycolipid receptor gaand transport any small particles that adhere to their lactosylceramide. This has led to the suggestion that surfaces. M cell-specific adherence is a strategy used HIV particles could adhere to glycolipid receptors on by the mouse pathogen, reovirus, to gain access to rectal enterocytes and be endocytosed, to infect the its target cells in the mucosa ( Figure 2D ). Reovirus is epithelium or to be transported to underlying target transmitted orally and, although it is partially digested by cells. But would viral particles have access to galactoproteases in the intestinal lumen, this does not inactivate sylceramide on epithelial cell apical surfaces in vivo? the virus; rather, it remodels the viral outer capsid and Apical surfaces of enterocytes consist of rigid, closelyinduces extension of the viral hemagglutinin 1, creating packed microvilli coated by transmembrane mucin-like highly infectious "intermediate subviral particles" (Nibert glycoproteins that form a continuous, 400-500 nm thick et al., 1991). Indeed, proteolytic conversion to intermediblanket called the "filamentous brush border glycocaate subviral particles is a prerequisite for M cell adherlyx" (Maury et al., 1995) , but M cells generally lack this ence (Neutra et al., 1994a) , and this suggests that extendiffusion barrier (Figure 3) . sion of the 1 protein may be required to allow contact To evaluate the effect of the thick enterocyte filamenwith as yet unidentified M cell apical receptors.
tous brush border glycocalyx and the thin M cell glycoPoliovirus in humans also enters the body by the oral calyx on access of virus-or bacteria-sized particles to route and proliferates in Peyer's patches before spreadglycolipid receptors, we tested the ability of a specific ing to target neurons. Poliovirus type-1 and the attenuligand, the nontoxic, pentameric binding (B) subunit of ated Sabin strain have been shown to adhere selectively cholera toxin (CTB), to bind to its glycolipid receptor, to human M cells and to be taken up in clathrin-coated ganglioside G M1 , on M cells and enterocytes (Frey et al., vesicles. This explains the effectiveness of live, attenu-1996). Soluble CTB (diameter, 6.4 nm) can bind to G M1 ated poliovirus as an oral vaccine that prevents infection on all intestinal epithelial cells, but to do so it must come of wild-type virus via mucosal surfaces. The receptor into very close contact with the membrane, because the for poliovirus on neuronal target cell membranes has carbohydrate head groups of G M1 protrude only 2.5 nm been identified as a member of the immunoglobulin suabove the surface of the lipid bilayer. Using colloidal perfamily, and the cloned gene has been used to create gold and latex particles coated with CTB, we showed transgenic mice that can be infected by injection of that the filamentous brush border glycocalyx excluded virus. Such mice are not infected when challenged orally; particles as small as 28 nm in diameter and as large as apparently, the virus uses a different receptor on M cells.
1.1 m from contact with membrane glycolipids, Human immunodeficiency virus (HIV) and simian imwhereas the M cell glycocalyx allowed close contact, munodeficiency virus (SIV) can enter the body through adherence, and endocytosis of 28 nm CTB probe but intact mucosal surfaces. Studies of SIV transmission in not bacteria-sized, CTB-coated particles (Frey et al., monkeys have established that SIV infection may occur 1996) . This is consistent with our previous observation across the stratified vaginal epithelium where M cells that HIV failed to penetrate the filamentous brush border are absent, apparently via intraepithelial CD4 ϩ dendritic glycocalyx of rabbit or mouse enterocytes, did not concells (Miller et al., 1992) , but the mechanisms of rectal mucosal entry are not clear. Intestinal epithelial cells do tact enterocyte plasma membranes, and was not taken up by these cells but did adhere to rabbit and mouse efficiency of the M cell transport pathway are largely unknown. Future studies on the interactions of micoor-M cells and was transcytosed (Neutra et al., 1994a) . Since M cells are numerous in human rectum, it seems ganisms with this highly specialized epithelial cell will enhance our understanding of microbial pathogenesis possible that the accessibility and high endocytic activity of M cell surfaces could provide a transcytotic mechand will lead to more effective strategies for targeting of vaccines and live microbial vaccine vectors to the anism for infection of mucosal CD4 ϩ T cells, macrophages, and dendritic cells. mucosal immune system.
Targeting of Vaccines to M Cells
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